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Introduction:
Over the last decade, microRNAs (miRNA) have emerged to play an important role in central nervous system (CNS) mechanisms, including synaptic plasticity (1) and learning and memory (2) . Furthermore, aberrant expression of miRNAs has been associated with the pathogenesis of many common CNS disorders including psychiatric disorders, such as anxiety and depression (3) . The functional role of miRNAs in controlling plasticity mechanisms in the adult brain (4) make them desirable targets for the treatment of disorders where these mechanisms are adversely affected. The extinction of conditioned fear, a basic principle of exposure-based therapy, requires the formation of new fear-inhibitory memories (5, 6) . Recent studies have begun to elucidate the role of miRNAs in fear learning (7, 8) and its extinction (9) . In particular, a deeper understanding of the underlying miRNA-mediated mechanisms could provide important leads for the development of novel targets for exposure-based therapy. In line with this, a role for the brain-specific miR-128b in the extinction of fear was previously uncovered (9) . The authors demonstrated increased miR-128b expression in the infralimbic prefrontal cortex (ILPFC) following fear extinction training, which disrupted the stability of a number of plasticity-associated genes implicated in the retrieval of fear memory, including its host gene, regulator of calmodulin signalling (RCS). RCS is known to competitively inhibit calmodulin and increase the activation of the protein phosphatase calcineurin, which contributes to the strength of aversive memories. The authors hypothesised that increased miR-128b expression in the IL may facilitate the transition from the retrieval of the original fear toward the formation of the new fear-inhibitory memory.
So far, these studies were performed in extinction-intact C57BL6 (BL6) mice; however, the role of miRNAs in relevant psychopathological models of dysfunctional extinction memory remains to be elucidated.
Mimicking anxiety patients who display deficits in extinction memory formation, we have previously shown that 129S1/SvlmJ (S1) mice display an inability to extinguish conditioned fear, which is also characterized by aberrant immediate early gene (IEG) expression in a cortico-limbic circuit (10) (11) (12) (13) . Furthermore, deficits in both fear extinction acquisition and fear extinction consolidation are observed in these mice.
We have previously reported that dietary Zinc restriction (ZnR) can rescue fear extinction deficits in S1 mice and normalize the aberrant IEG expression in the affected cortico-limbic circuit (14, 15) . In a recent report, we revealed that not only can ZnR rescue impaired fear extinction, but it leads to the formation of enduring and context-independent fear extinction memory via protection against spontaneous recovery and fear renewal (16) . Thus, ZnR can be used as an ideal experimental tool to study the underlying neurobiological mechanisms of impaired fear extinction rescue, including miRNA-mediated regulation of gene expression. Understanding the underlying mechanisms associated with successful fear extinction in such psychopathological models has the potential to reveal novel therapeutic targets for the treatment of debilitating disorders including PTSD.
As successful fear extinction requires the expression of learning-associated genes in the amygdala (17) , which are known to undergo regulation by miRNAs(18, 19) , we explored the significance of miRNA-mediated regulation within the amygdala during successful fear extinction. We hypothesize that extinction-associated gene expression in the amygdala following successful fear extinction is controlled by miRNAmediated mechanisms. To assess this, an unbiased microarray screen was first used to examine miRNA expression following the rescue of impaired fear extinction in the amygdala. We then examined the functional implications of the most robustly regulated miRNA in the basolateral amygdala (BLA) of impaired S1 and normally extinguishing BL6 mice. Lastly, we explored the downstream target genes and their implications in successful fear extinction.
Materials and methods:

Animals:
Male 129S1/SvlmJ (Jackson laboratories) and C57BL6J (Charles River) mice were obtained between 8-9 weeks old and left to acclimate for 2 weeks before commencing any experiments. They were housed (4-5 per cage) in a temperature (21 ± 2 °C) and humidity (50-60%) controlled vivarium under a 12h light/dark cycle. All behavioural experiments were approved by the Austrian Animal Experimentation Ethics Board (Bundesministerium für Wissenschaft Forschung und Wirtschaft, Kommission für Tierversuchsangelegenheiten) and the University Laboratory Animal Resources of the University of California, Irvine.
Fear conditioning and extinction procedure:
Fear conditioning, extinction and extinction retrieval was performed as previously described (14) . The effect of miR-144-3p over-expression in the BLA was assessed during fear extinction and extinction retrieval (see supplementary materials and methods for full details).
Tissue collection, RNA isolation for microRNA and mRNA transcripts:
Amygdala tissue punches were collected 2h following the start of extinction training.
Total RNA was isolated using Tri-reagent (Sigma-aldrich) as per manufacturer's guidelines. cDNA and subsequent RT-PCR was performed using the Miscript II RT Kit and the Miscript II PCR kit (QIagen) for miRNAs and qScript (Quanta Biosciences) and FAST SYBR master mix (applied biosystems) for mRNAs (see supplementary materials and methods for full details)
miRNA microarray analysis
Microarray analysis was carried out by employing the miRCURY LNA miRNA Array 7 th generation microarray from Exiqon (Inc., Woburn Massachusetts, USA).
Experiments were performed in dye swap pairs with four biological replicates from ZnR S1 mice and age-matched S1 control mice, respectively (see Supplementary materials and methods for full details).
Fluorescent in situ hybridization (FISH):
FISH was performed as previously described in detail(20). Pre-labelled locked nucleic acid (LNA) probes with 5' and 3' fluorescein tags were ordered from Exiqon for miR-144-3p and miR-Scrambled probe. FISH was performed on frozen tissue sections from impaired-and ZnR-rescued S1 mice (see supplementary materials and methods for full details).
Lenti-viral surgery and overexpression of miR-144-3p:
Lenti-viral plasmids were generated as previously described (9) . Briefly, either miR-144-3p or scramble control fragments were inserted immediately downstream of the human H1 promoter in a modified FG12 vector, which was subsequently packaged into a lenti-virus. Surgery was performed a minimum of 4d before fear conditioning, where 2 single cannulae were bilaterally implanted into the BLA of S1 (-1.4mm (AP), +/-3.3mm (ML), -4.0mm (DV)) and BL6 (-1.3mm (AP), +/-3.2mm (ML), -4.0mm
(DV)) mice. A total volume of 0.8ul of lentivirus was infused via 2 injections delivered within 48h (see supplementary materials and methods for full details).
Statistical analysis:
Data are presented as mean ± standard error of the mean (SEM). N numbers are given in figure legends. Statistical analysis was performed using Prism 6 (GraphPad software). All experiments were analysed with parametric tests (t-test (all two-tailed)
or one/two-way ANOVA with repeated measures for trial (Bonferroni or Fisher LSD were described). Variance was similar between all groups being used. Main effects and interactions for significant ANOVAs are described. Throughout, p<0.05 was considered significant.
Results:
Enhanced MiR-144-3p expression is observed in the amygdala following impaired fear extinction rescue and following fear extinction in extinction-intact mice.
To gain insight into the regulation of miRNAs in the amygdala, we quantified changes in miRNA expression following behavioural rescue of impaired fear extinction (Fig.1A) .
Both groups displayed similar freezing levels in response to fear (Fig.1B) . Replicating previous findings on ZnR-mediated rescue (15) , S1 mice fed a ZnR diet displayed significantly lower freezing levels during fear extinction training when compared to their Ctl-fed counterparts (Fig.1B) . Microarray analysis of amygdala tissue following fear extinction training revealed a select number of miRNAs that were regulated in S1
mice following the rescue of impaired fear extinction (Fig.S1A) . These included the increased expression of plasticity-related miRNAs, miR-29a, miR-132, miR-219 and miR-144-3p (Fig.S1B ). Of these candidate plasticity-associated miRNAs, miR-144-3p has recently emerged as an important miRNA in the brain and has been implicated in the response to naturalistic (exam) stress (21) , in the response to treatments for antidepressant action (22) , and mood stabilizers(23), in Alzheimer's disease(24) and traumatic brain injury(25). Furthermore miR-144-3p has been linked to the restoration of mitochondrial function(26), a mechanism that has been linked to learning and memory(27). In light of its robust regulation following the rescue of impaired fear extinction and the studies highlighting the importance of miR-144-3p expression in the brain including memory and emotion-related functions, we chose to further explore the role of this miRNA in successful fear extinction. The enhanced expression of miR-144-3p in the amygdala of S1 mice following rescue of impaired fear extinction was validated by qRT-PCR (Fig.1C) . Next, to control for diet and fear conditioning effects on the enhanced expression of miR-144-3p in ZnR S1 mice, we quantified the expression of miR-144-3p in S1 mice fed-Ctl or -ZnR diets that were subjected to fear conditioning, but not fear extinction training (Fig.S2A) . All groups displayed similar freezing levels in response to fear conditioning (Fig.S2A ). During fear extinction training, S1 mice fed ZnR-diet displayed lower freezing levels when compared to their Ctl-fed counterparts, no differences in fear expression were observed (Fig.S2A ). Dietary control groups that received fear conditioning but were not exposed to the tone (CS) in the extinction chamber displayed negligent freezing levels ( Fig.S2A ). MiR-144-3p expression was only increased in ZnR-fed mice that received extinction training indicating that the combination of diet and extinction training, but not the diet alone, was required to induce expression of miR-144-3p (Fig.S2B ). These findings also demonstrated that increased miR-144-3p expression was induced by fear extinction and not by the previous fear conditioning. Taken together, our data reveal that rescuing impaired fear extinction in S1 mice via ZnR leads to increased expression of a select number of miRNAs including in particular the selective extinction-but not fear-induced increased expression of miR-144-3p in the amygdala.
Next, we examined the role of miR-144-3p in normally extinguishing mice and assessed the expression levels of this miRNA following fear extinction in extinctionintact C57BL6J (BL6) mice. We performed fear conditioning, extinction and amygdala dissection after extinction training identical to the S1 experiments (Fig.1D ).
All BL6 groups increased freezing during fear conditioning in a similar manner In Vivo overexpression of miR-144-3p in the basolateral amygdala facilitated fear extinction in impaired S1 and normally extinguishing BL6 mice. Next, we aimed to assess whether the expression of miR-144-3p is merely a readout of reduced freezing induced by successful fear extinction training or whether miR-144-3p can drive fear extinction learning. As successful extinction (ZnR-S1 or BL6) was associated with increased miR-144-3p expression, we overexpressed miR-144-3p using lenti-viral driven constructs (miR-144-Ox) in the BLA of both S1 and BL6 mice and assessed effects on extinction ( lenti-viral expression of miR-144-3p in S1 and BL6 mice.
To selectively assess the effects of overexpression of miR-144-3p during fear extinction, mice received BLA infusions of lenti-virus containing constructs for miR-144-3p overexpression or mutated miR-144-3p following fear conditioning and prior to extinction training ( Fig.2A) . In S1 mice, results revealed that miR-144-3p
overexpression (miR-144-Ox) and mutated control groups did not differ in freezing during fear conditioning (Fig.2B ). Reduced freezing in miR-144-Ox-Ext mice, compared to control S1 mice (miR-144-Ctl-Ext), was observed during extinction training ( Fig.2B ), suggesting miR-144-Ox rescues impaired fear extinction in S1
mice. Moreover, miR-144-3p overexpression per se in S1 mice did not reduce freezing as shown by similar fear expression at the start of the extinction session.
During the extinction retrieval session we observed that overexpression of miR-144-3p in S1 mice subjected to fear conditioning but not extinction training exhibited no difference in freezing compared to control mice (who exhibited no fear extinction) ( Taken together, these data suggest that, BLA miR-144-Ox can rescue impaired fear extinction in S1 mice. In extinction-intact BL6 mice, miR-144-Ox facilitates fear extinction acquisition and protects against fear renewal. Moreover, these data reveal that the combination of extinction training plus miR-144-Ox is required to elicit effects on fear extinction. expression was increased 30min to 1h following KCL administration, suggesting that miR-144-3p is expressed in an activity-dependent manner (Fig.3A) . To elucidate the downstream targets of miR-144-3p, we performed a bioinformatical analysis. Gene ontology analysis of predicted targets of miR-144-3p confirmed a high number of target genes implicated e.g. in the regulation of gene expression, stimulus response and phosphorylation of relevant signalling transduction molecules (Fig.3B) .
MiR-144-3p expression is induced by neuronal activity and is implicated in
MiRTARbase, which displays experimentally validated targets of any given miRNA, revealed that a number of genes targeted by miR-144-3p are implicated in the regulation of plasticity-associated signalling cascades including Notch (Notch1) and PI3/AKT (Pten) (Fig.3C) . Interestingly, miR-144-3p mediated regulation of the candidate gene Pten has been extensively reported(28, 29). MiR-144-3p has a strong binding affinity for plasticity-associated signalling cascade target genes, including an 8-mer complementary overlap between miR-144-3p and Pten (Fig.3D, left) and a 7-mer overlap with Spred1 (Fig.3D, Right) . PTEN has previously been validated as a target of human hsa-miR-144-3p(29) and rat rno-miR-144-3p(30). Here, we determined the functional relationship between mouse miR-144-3p and the 3' untranslated region (UTR) of Pten by luciferase assay. Overexpression of miR-144-3p
led to decreased activity of firefly luciferase gene fused to the 3'UTR of Pten (Fig.3D, left) . Furthermore, enhanced miR-144-3p expression also decreased the activity of firefly luciferase gene fused to the 3'UTR of Spred1 (Fig.3D, Right) .
Overexpression of miR-144-3p in primary cortical neurons (Fig.3E, left) , leading to increased transcript levels of miR-144-3p (Fig.3E, middle) was associated with decreased mRNA levels of the target genes Pten, Notch1 and Spred1 (Fig.3E, right) .
Together, these results suggest that, in mice, miR-144-3p expression is important for the control of plasticity-associated signalling cascades including PI3/AKT MAPK/ERK and Notch pathways through regulation of the target genes Pten, Spred1
and Notch1 respectively. transcript and PTEN protein levels in the BLA of impaired-and rescued-S1 mice.
MiR-144-3p staining was validated against a scrambled probe in all experiments ( Fig.S3A-D) . Following extinction training, an increased number of miR-144-3p
positive cells was observed in the BLA compared to the non-extinguishing Ctl-diet group ( Fig.4A-G) . Furthermore, miR-144-3p co-localized with PTEN and following extinction training, a reduced number of PTEN-positive cells was observed in the BLA of extinguishing ZnR-treated mice compared to non-extinguishing Ctl-diet controls ( Fig.4H-N) . These results confirm using a different method that miR-144-3p levels are increased in the BLA following the rescue of impaired fear extinction in S1
mice and that miR-144-3p co-localizes with PTEN, which in turn displays decreased expression levels following extinction rescue.
Discussion:
The present findings identify the importance of miRNA-mediated regulation for the rescue of impaired fear extinction learning. Rescuing deficient fear extinction in S1
mice by dietary ZnR led to altered expression of a select number of miRNAs in the amygdala. We confirmed the extinction-specific regulation of one miRNA candidate, miR-144-3p, in S1 mice and found similar regulation in normally extinguishing BL6
mice. Virally enhanced expression of miR-144-3p in the BLA was sufficient to rescue impaired fear extinction (S1 mice), while in BL6 mice, overexpression of miR-144-3p
could facilitate fear extinction acquisition and showed extinction promoting effects by protection against fear renewal. Bioinformatical analysis of miR-144-3p targets revealed a number of genes implicated in the regulation of plasticity-associated signalling cascades including PI3/AKT, MAPK/ERK, and Notch. Finally, we revealed that extinction-rescued S1 mice displayed increased miR-144-3p expression, which co-localized with PTEN in the BLA. Furthermore, the functional relevance of miR-144-3p effects on PTEN were seen as the number of PTEN-positive cells and thus PTEN expression levels were decreased in the BLA following this rescue.
Rescuing impaired fear extinction led to increased expression of a number of additional plasticity-associated miRNAs including the synaptically enriched miR29a(32), the CREB-regulated miR-132(33) and NMDA receptor-regulated miR-219(34). Importantly, of these identified candidate miRNAs, miR-144-3p was shown to be extinction-specific and exhibited increased expression in the amygdala of both extinction-rescued S1 and extinction-intact BL6 mice. Together, these data support the hypothesis that fear extinction is associated with mechanisms supporting increased synaptic-plasticity in the amygdala(35). Interestingly, modulation of these signalling cascades in the BLA has been previously implicated in the regulation of fear and extinction learning (7, 39, 40) . Dias and colleagues found that miR-34a decreased Notch signalling to facilitate the consolidation of fear conditioning in the BLA of BL6 mice (7) . Interestingly, in ZnRrescued S1 mice, we observed the increased expression of miR-34b, which belongs to the same miRNA precursor family as miR-34a (for review see (41)) and also targets In impaired fear extinction, the lack of fear extinction training induced miR-144-3p expression (1) results in higher levels of Pten, Notch1, Mtor and Spred1 (2) (Fig.5A ).
MiR
Subsequently genes including Pten and Spred1 inhibit the activation of the plasticity- Mice assigned to S1 CS+ Ctl and S1 CS+ ZnR groups were subjected to fear conditioning (0.6 mA) and extinction (16 CS presentations) training (n=4/group). 2h following fear conditioning, the S1 CS+ ZnR (rescued) group was switched to a diet without Zinc (ZnR) for 14d. 2h following the start of extinction training, the amygdala was dissected out, total RNA isolated and used for Exiqon microRNA microarray analysis. (B) During fear conditioning (Cond), freezing in CS-US paired mice increased across trials regardless of group assignment (ANOVA effect of trial (freezing to CS presentations): F (2, 18) =34.89, p<0.001, no effect of group or interaction). During fear extinction training (Ext) , there was a significant trial x diet interaction for freezing (F (8, 54) = 9.248, p<0.001; n=4/group), indicating that ZnR S1 mice display normal extinction learning compared to extinction-resistant Ctl-fed S1 mice. Post hoc tests revealed that freezing was significantly lower in ZnR than in Ctlfed S1 mice during CS presentations [8] [9] [10] [11] [12] [13] [14] [15] [16] Right: qRT-PCR for mRNA levels in primary cortical neurons after 6-day lenti-viral infection with mir-144-3p revealed decreased expression levels of the putative target Pten (unpaired t-test, t 6 = 5.28945; P < 0.05), Notch1 (unpaired t-test, t 6 = 4.02492; P < 0.01) and Spred1 (unpaired t-test, t 6 = 13.0558; P < 0.001). Data are presented as mean ± SEM, *P<0.05, **P<0.01 ***P<0.001. Data are expressed as mean ±SEM, Fold change (Relative Luminescence), normalized to control Renilla luminescence levels. **P <0.01, *P<0.05 Data are expressed as mean positively stained cells ±SEM. ***P <0.001, *P <0.05;
Scale bar = 100 microns. 
